The cytochrome c maturation protein CcmE is an essential membrane-anchored heme chaperone involved in the post-translational covalent attachment of heme to c-type cytochromes in Gram-negative bacteria such as Escherichia coli. Previous in vitro studies have shown that CcmE can bind heme both covalently (via a histidine residue) and noncovalently. In this work we present results on the latter form of heme binding to a soluble form of CcmE. Examination of a number of site-directed mutants of E. coli CcmE by resonance Raman spectroscopy has identified ligands of the heme iron and provided insight into the initial steps of heme binding by CcmE before it binds the heme covalently. The hemebinding histidine (H130) appears to ligate the heme iron in the ferric oxidation state but two other residues ligate the iron in the ferrous form, thereby freeing H130 to undergo covalent attachment to a heme vinyl group. It appears that the heme ligation in the non-covalent form is different from that in the holo-form, suggesting that a change in ligation could act as a trigger for the formation of the covalent bond and shows the dynamic and oxidation-state sensitive ligation properties of CcmE.
The cytochrome c maturation protein CcmE is an essential membrane-anchored heme chaperone involved in the post-translational covalent attachment of heme to c-type cytochromes in Gram-negative bacteria such as Escherichia coli. Previous in vitro studies have shown that CcmE can bind heme both covalently (via a histidine residue) and noncovalently. In this work we present results on the latter form of heme binding to a soluble form of CcmE. Examination of a number of site-directed mutants of E. coli CcmE by resonance Raman spectroscopy has identified ligands of the heme iron and provided insight into the initial steps of heme binding by CcmE before it binds the heme covalently. The hemebinding histidine (H130) appears to ligate the heme iron in the ferric oxidation state but two other residues ligate the iron in the ferrous form, thereby freeing H130 to undergo covalent attachment to a heme vinyl group. It appears that the heme ligation in the non-covalent form is different from that in the holo-form, suggesting that a change in ligation could act as a trigger for the formation of the covalent bond and shows the dynamic and oxidation-state sensitive ligation properties of CcmE.
C-type cytochromes are proteins that contain covalently attached heme cofactors and are essential for the life of virtually all organisms. Cytochrome c in the respiratory chain contains a single heme molecule whereas many bacterial ctype cytochromes are found to contain many hemes; a Geobacter cytochrome c appears to contain 27 heme molecules (1) . The heme is characteristically covalently attached to a CXXCH motif in the protein and allows the proteins to function in electron transfer and to catalyse a variety of reactions. The biogenesis of c-type cytochromes is a complex post-translational process that, in Gram-negative bacteria such as E. coli, occurs in the periplasm. The heme attachment reaction appears to occur by very different pathways in different types of organisms; in humans, for example, a single protein called heme lyase is involved, whereas in E. coli at least ten proteins are essential for the process (2, 3) . The latter system is known as the cytochrome c maturation (Ccm) system and comprises the proteins CcmABCDEFGH, all of which are anchored to the cytoplasmic membrane or integral to it (4) , as indicated in the representation shown in Figure 1a . The membrane-anchored protein CcmE has been described as a heme chaperone and binds heme covalently in the bacterial periplasm before the heme is transferred to apocytochromes (5) . Unusually, the protein binds heme covalently via a single histidine residue, as opposed to the binding of heme to two cysteine residues in cytochromes c. It is not known how heme is transported into the periplasm from its site of synthesis in the cytoplasm, but it is known that the protein CcmC is essential for the provision of heme to CcmE (6) . The protein CcmF has been shown to form a complex with CcmE (7), but its function remains unknown, as do the precise roles of the other Ccm proteins. Recently, CcmD was shown to be involved in the interaction between CcmC and CcmE (8) . The proteins CcmG and CcmH function in disulphide bond isomerisation, which is necessary for reducing the cysteine thiols of the target apocytochrome (9) .
Previous in vitro studies have shown that CcmE binds heme to form a non-covalent complex (referred to as b-type CcmE in this work; holoCcmE refers to the protein containing covalently bound heme) (10, 11) . Reduction of the heme iron in the non-covalent CcmE-heme complex results in the formation of a covalent bond in vitro between the histidine of the protein and one of the vinyl groups of heme (10) . We have presented evidence recently suggesting that it is the 2-vinyl group of the heme that undergoes the attachment to the protein (12) . Presently only the structure of the apo-form of CcmE has been solved (13, 14) and so the only evidence about the axial ligands to the heme iron is a study of the covalently-bound form (12) , showing histidine/tyrosine ligation. The structure of the apo-form of CcmE from E. coli is interesting because it does not reveal a classical heme-binding pocket. The structure is shown in Figure 1b . It appears that the protein binds heme on its surface and so the structure does not identify amino acids that are involved in the ligation of heme iron. Very recently, the structure of the heme-containing peptide of CcmE was solved (15) and unexpectedly showed that the b-carbon of one of the heme vinyl groups was involved in the bond with the N d1 of His130. The peptide studied was a cyanide complex and therefore yielded no information of the nature of the in vivo heme ligands. In this work we present data identifying protein ligands to the heme iron in the absence of the covalent bond using resonance Raman spectroscopy and a variety of site-directed mutants of the soluble domain of E. coli CcmE (with its single-helical membrane anchor removed), which furthers our understanding of the molecular function of this novel heme chaperone.
MATERIALS AND METHODS
Plasmid construction, protein expression and purification. A description of the expression vector (pE151) used for the cytoplasmic expression of CcmE sol (lacking the membrane anchor) has been published previously (11) . Mutations in this plasmid were performed according to the QuikChange method (Stratagene) using the primers listed in Table 1 in the Supplemental Data. All of the resulting plasmids were sequenced to confirm that only the desired mutations had been incorporated. The E. coli strain JM109(DE3) was used for protein expression. Cultures were grown as described previously and the proteins were purified on Ni
2+
-chelating Sepharose columns equilibrated with 50 mM Tris-HCl, 100 mM NaCl, pH 7.4, as described (11) . Thrombin cleavages of wild-type and variant N-His 6 -CcmE sol proteins were performed using a Thrombin CleanCleave Kit (Sigma) according to the manufacturer's instructions. Uncleaved protein and the His-tags were removed by reapplying the reaction mixture to a Ni-affinity column. The protein referred to as CcmE' in this work refers to the soluble domain (starting from Ser32) lacking the membrane anchor and the affinity tag, as does the protein holo-CcmE. Holo-CcmE was expressed and purified as described previously (12) . Protein characterization. SDS-PAGE (10% acrylamide) (NuPAGE, Invitrogen) was used to evaluate the purity of the proteins. Electrospray ionization mass spectrometry (ES-MS) was performed using a Micromass Bio-Q II-ZS triple quadrupole atmospheric pressure mass spectrometer to confirm that the proteins were of the correct masses and that complete removal of the affinity tags had occurred. Sample preparation. Hemin (Sigma) was added to protein solutions from 1 mM stock solutions prepared in DMSO. In order to minimise the effect of changes in the heme affinity of variants of CcmE' on spectroscopic data, the mixtures of protein and heme analysed contained a 5-fold excess of protein relative to heme. Heme solutions were freshly prepared and the proteins analysed rapidly after heme addition. The concentration of heme in the samples was above 30 mM. A 50 mM Tris-HCl buffer, pH 7.4, 100 mM NaCl was used throughout. Samples were reduced by the addition of disodium dithionite. The CO-bound form was prepared by addition of CO gas into an airtight Raman cell containing the dithionite-reduced protein.
Resonance Raman spectroscopy. The visible resonance Raman spectra were obtained with a single monochromator (Jobin Yvon, SPEX750M) equipped with a liquid N 2 -cooled CCD detector (Roper Scientific, Spec-10:400B/LN). The excitation wavelengths used were 413.1 from a krypton ion laser (Spectra Physics, BeamLok 2060) and 363.8 nm from an argon ion laser (Spectra Physics, Beam Lock 2080). The laser power at the sample point was adjusted to ~5 mW for air-oxidized and reduced samples and at 0.1 mW for the CO-bound form to prevent photodissociation of the CO. Raman shifts were calibrated with indene, CCl 4 , acetone and an aqueous solution of ferrocyanide and the accuracy of the peak positions of the Raman bands was ± 1 cm -1 . The UV resonance Raman spectra were obtained as described previously (16) . UV light at 244 nm was produced from an intra-cavity frequency doubled argon ion laser (Coherent, Innova300C FreD). The laser power at the sample point was about 200 mW. The scattered light was dispersed with a single monochromator (Jobin Yvon, SPEX1269M) equipped with an intensified CCD camera (Roper Scientific, PI-MAX 1024Cs-Te). All measurements were performed at room temperature with a spinning cell.
RESULTS
All proteins were shown to be pure and free of their affinity tags by electrospray mass spectrometry. The masses of the wild-type and variant forms of CcmE' were found to be within 2 Da of the expected masses.
Coordination structure of heme. The resonance Raman (RR) spectra in the high-frequency region (1200-1700 cm -1 ) for air-oxidized, dithionitereduced, and CO-bound b-type CcmE' are shown in Figure 2 . The spectra in this region consist of well-known marker bands, which are sensitive to the oxidation, spin, and coordination states of the heme iron (17). For the ferric heme-containing form, the oxidation marker band n 4 was observed at 1373 cm -1 , which is typical of ferric heme ( Figure 2, spectrum a) . The spin and coordination marker bands n 3 (at 1491 cm -1 ) and n 2 (at 1571 cm -1 ) suggest that oxidized CcmE' has 5-coordinate (5c) high-spin (HS) heme. The RR spectrum of the dithionite-reduced form shows n 3 and n 2 at 1494 and 1582 cm -1 , respectively, which is typical of 6-coordinate (6c) low-spin (LS) heme ( Figure 2 , spectrum b). These coordination structures of btype CcmE' are similar to those observed previously in a soluble form of CcmE with the heme covalently attached (12) , which was also 5c-HS in the ferric form and 6c-LS in the ferrous form.
In our previous study on the heme ligation of this protein, we proposed Tyr coordination in holoCcmE on the basis of the RR spectra with excitation wavelengths of 363.8 and 244.0 nm (12) . In holo-CcmE, an intense band at 600 cm -1 ( Figure  3 , left panel, spectrum a), which was not observed in the Y134F holo-CcmE variant, was assigned to an Fe-O(Tyr -) stretching mode with 363.8-nm excitation, and a band derived from tyrosinate was observed at 1603 cm -1 ( Figure 3 , right panel, spectrum c), which also disappeared in the Y134F holo-CcmE variant. were observed at 1320 and 1419 cm -1 in spectrum d in Figure 3 and the latter band was also observed in the 413.1 nm-excited RR spectrum (spectrum a, Figure 2 ). It has not been possible to assign these bands; they have not been observed in other hemoproteins to our knowledge 1 .
Low-frequency resonance Raman spectra for btype CcmE'. The low-frequency region of the RR spectra for ferric, ferrous, and CO-bound b-type CcmE' are shown in Figure 4 . This region is comprised of porphyrin skeletal and peripheral modes (19, 20) . The propionate bending mode in b- 6, 7 , is observed at 386, 384, and 380 cm -1 for the ferric, ferrous, and CO-bound forms, respectively; these values are higher than those of myoglobin (Mb) (376, 370, 379 cm -1 , respectively) (19) . Since the frequency of this band is correlated with the strength of the hydrogen bonds between the heme propionate groups and surrounding amino acids (21, 22) , the higher , respectively (19) . It is notable that only one vinyl mode was observed for b-type CcmE'; a single mode was also observed for CcmE containing covalently bound heme, as reported previously (12) .
Resonance Raman spectra for CO-bound b-type CcmE'. The low-and high-frequency regions of the RR spectra of CO-bound b-type CcmE' with Soret excitation are shown in Figure 4 . Two CO isotope-sensitive bands were observed at 498 and 1959 cm O substitution; these were assigned to the Fe-C stretching mode, n(Fe-CO) and C-O stretching mode, n(C-O), respectively. Figure 5 illustrates the well-known correlation plot between the n(Fe-CO) and n(C-O) frequencies of a number of CO-bound heme-containing proteins. The observed frequencies for these modes in heme proteins and porphyrin model compounds inversely correlate due to the back-bonding from the d p orbital of Fe to the p* orbital of CO and provide information on the trans ligand to the bound CO (23-25). The frequencies observed for b-type CcmE' fall on the same line as proteins with proximal histidine ligands, suggesting that the trans ligand of the iron-bound CO is a neutral histidine.
Mutational studies of b-type CcmE'. In order to investigate the coordination structure of the heme in b-type CcmE', we constructed seven variants by site directed mutagenesis. The selection of amino acids for substitution was based on previously published data, the structure of the apoprotein (13) , which is shown in Figure 1b , and the sequence alignment shown in Figure 6 , in which conserved heme-ligating residues were identified. The Y134F variant was produced as we have shown that this residue acts as a ligand in the holo-form of CcmE (12) . The previous study also suggested histidine ligation and so we mutated all three histidines of CcmE' (H120, H130 and H147) to establish if the same was true for non-covalently bound heme. H120 is, however, distant from the heme-binding site according to the structure. As H130 is known to be essential for the function of CcmE in vivo we replaced it with both Cys and Met. As replacement of H147 with Ala appeared to have an effect, it was also replaced with Met. Most of the selected potential heme-ligating residues are located in the flexible C-terminal domain (Figure 1b ), a region of the protein that has been shown to be important for the function of the protein (26) and has recently been proposed to contain heme-ligating residues (27) . UV-visible spectroscopy was performed on the wild-type and variant b-type complexes (results not shown). The spectra of the complexes of the mutated forms of CcmE' with ferric heme were highly similar to the spectrum of the wildtype protein complex with the exception of the H130C variant, which showed differences in the Soret band. The Soret of the wild-type protein is broad and centered around 400 nm; the Soret of the H130C variant is also broad and is blue-shifted compared to the wild-type. RR spectroscopy was employed as a more refined method to study the effect of this substitution on the ligation of ferric heme in CcmE.
The RR spectra of the non-covalent heme complexes of wild-type (WT) and variants of CcmE' in the oxidized form obtained with 413.1 nm-excitation are shown in Figure 7 . Although b-type CcmE' contains 5c heme as holo-CcmE does, the n 4 frequency of b-type CcmE' is higher than that of holo-CcmE by 2 cm -1 . The frequency of the n 4 mode reflects the s-electron donation from the axial ligand of heme. Since the d p electrons of the heme iron are pushed out when s-donation from the axial ligand becomes larger, the electron density in the porphyrin p* orbital increases, and as a result, the n 4 frequency decreases as the selectron donation increases (28, 29) . Therefore, the high frequency shift of n 4 in b-type CcmE' suggests that the axial ligand of b-type CcmE' is different from that of holo-CcmE whose axial ligand is Tyr134 (12) ; that is, the fifth ligand of btype heme is not tyrosinate, but rather is a neutral ligand such as histidine.
In the H130C variant an additional n 3 band was observed at 1500 cm -1 ( Figure 7 , right panel), indicating that the coordination structure of heme is altered in this variant. Therefore, His130 is likely to be a ligand of ferric heme in b-type CcmE. This proposal coincides with the high frequency shift of n 4 for b-type CcmE' as discussed above. In the Y134F variant, the intensity of the n 3 band at 1506 cm -1 increased. Although this suggests that Tyr134 could also be a heme ligand of b-type CcmE', in this case, the mutation at position 134 affects the structure around heme to induce Met143 to coordinate to the heme as discussed later.
UV-visible spectra of the ferrous variant CcmE' complexes were recorded (not shown) and compared with the spectrum of WT b-type CcmE'. The most informative of these were of the M143A and H147A variants, in which the a-and b-bands were less distinct, attenuated in intensity and shifted in position relative to the WT (560 and 530 nm, respectively in the WT, (11)). The maxima of the Soret bands of the M143A and H147A variant complexes were observed at 418 and 415 nm, respectively, and were attenuated in intensity compared to the WT. The WT b-type CcmE' Soret maximum was at 426 nm. Again RR spectra of dithionite-reduced WT and variant forms of CcmE' were collected and are shown in Figure 8 . In contrast to the oxidized form, the RR spectra of the reduced H130C and Y134F variants are essentially the same as that of WT b-type CcmE', suggesting that these two residues are not involved in ligation in the ferrous form. However, the RR spectra of the M143A and H147A variants are different from that of WT (Figure 8 ). Their n 4 , n 3 and n 2 bands were observed at 1369, 1498 and 1586 cm -1 , respectively, which are characteristic of 4-coordinate (4c) intermediate spin (IS) heme (30, 31) . These were not photo-induced products caused by laser-illumination because the relative intensities of the two bands at 1365 and 1369 cm -1 remained unchanged upon the change of laser power. Therefore, Met143 and/or His147 could be axial ligands of heme in the reduced form.
The RR spectra of WT and variant b-type forms of CcmE' in the CO-bound state are shown in Figure  9 . The low-frequency spectra of all the variants except for the H147A variant, in which the intensity of the 528 cm -1 band increased, were similar to that of WT. Although the M143A and H147A variants have a 4c heme in the reduced form (Figure 8 ), the n(Fe-CO) frequencies of 499 cm -1 suggest that, upon CO binding, an amino acid binds to the heme to give a 6c-CO heme in most of the molecules. Since the Fe-CO stretching mode at 528 cm -1 is characteristic of 5c-CO heme (25), this suggests that His147 is an axial ligand of heme. The RR spectra of the CO-bound form in the highfrequency region are illustrated in Figure 9 , right panel. The n(C-O) stretching mode of WT, H120A, H130C, M143A, and H147A variants were observed at 1959 cm -1 . The n(Fe-CO) versus n(C-O) correlation plot suggests His-Fe-CO configuration in these proteins. In contrast, the frequencies of the n(Fe-CO) for the H130M, H147M, and Y134F variants are similar to that of WT, but the n(C-O) frequency differs by approximately 9 cm -1 (1968 cm -1 ). The frequencies of n(Fe-CO) and n(C-O) for the H130M, H147M, and Y134F variants are above the line for proteins with histidine coordination (Figure 5 ), suggesting that the trans ligand of CO is not His, but Met, in the H130M, H147M, and Y134F variants.
DISCUSSION
Coordination structure of heme in b-type CcmE'. RR spectra showed that ferric b-type CcmE' has a 5c-HS heme, which converts to a 6c-LS heme upon reduction of the heme. Our previous study has demonstrated that Tyr134 serves as a heme axial ligand in holo-CcmE (12) . This was confirmed by the presence of the internal stretching modes of tyrosinate and the Fe-O -(Tyr) stretching with 244.0 and 363.8 nm-excitation, respectively, which disappeared upon replacement of Tyr134 with Phe. The proposed heme coordination structures of b-type CcmE' are shown in Figure 10 . The model that is proposed accounts for all the experimental observations that have been made, though the identification of the heme ligands, particularly in the ferrous form, is complicated by the conformational flexibility of the region of the protein in which the residues we have studied are found. The first question to answer with respect to the heme ligation in the btype form of CcmE' was whether tyrosine also acts as an axial ligand. A partial conversion of 5c-HS heme to 6c-LS heme was seen in the Y134F variant. Although changes were observed in the spectra of the Y134F variant, it does not appear that this residue acts as a ligand. The n(C-O) stretching mode of the Y134F variant is observed at 1966 cm -1 ( Figure 9 ), which is 7 cm -1 higher than that of WT and similar to those of the H130M and H147M variants, in which Met appears to be a trans ligand to CO. Therefore, in the Y134F variant, perturbation around the heme appears to induce a Met, probably Met143, to serve as X in Figure 10 . Neither of the tyrosinate related bands, which were observed for holo-CcmE with the 244.0 and 363.8 nm-excitation, were observed for the b-type WT (Figure 3) . Furthermore, the frequency of the n 4 band for b-type WT is higher than that for holo WT (Figure 7) , although both forms are of 5c-HS heme. These results rule out the possibility that Tyr134 is an axial ligand of ferric heme in b-type CcmE'. When His130, which appears to be bound to the heme 2-vinyl group via a covalent bond in holo-CcmE (5,12), was replaced by Cys, the RR spectra of the b-type form indicate conversion from 5c-HS to a mixture of 5c-HS and 6c-LS (Figure 7) . The same perturbation that occurs in the Y134F variant might occur in the H130C variant to increase the 6c-LS species, which is supposed to have the His-Fe-X coordination structure in Figure 10 .
In contrast to the ferric form, the RR spectra of the ferrous H130C and Y134F variants are almost identical to that of ferrous WT b-type CcmE', indicating that the mutation at positions 130 and 134 does not affect the coordination structure of heme, i.e. His130 and Tyr134 are unlikely to coordinate the heme in ferrous b-type CcmE'. On the other hand, the ferrous forms of the M143A and H147A variants showed different properties from those of WT b-type CcmE', as expected from initial observations of their UV-visible spectra. The n 3 and n 4 bands in the RR spectra of these mutants are at 1498 and 1369 cm -1 , respectively, which are upshifted by 7-8 cm -1 compared with those of the WT. These frequencies are characteristic of the 4c species of ferrous heme (30, 32) . In the RR spectra of the heme of heme oxygenase variant complexes, in which the proximal His25 was replaced with Ala or Tyr, the n 3 bands derived from the 4c species were observed at 1500 cm -1 in the reduced form (32, 33) . In addition to these observations of 4c heme in variant proteins, there is also the case of wild-type cytochrome b 6 f, which contains a heme that is not ligated by any amino acid (34) .
Therefore, replacement of Met143 or His147 with Ala in CcmE' appears to convert the heme mostly from 6c to 4c. However, this does not necessarily indicate that both Met143 and His147 are heme ligands; since they are separated by only 3 amino acids, it is likely that either of these residues can occupy the same binding site of heme. Also, though there is some conservation of these residues in the Cterminal domain of CcmE, they are not universally conserved. The CO-adduct of WT b-type CcmE' shows a prominent n(Fe-CO) mode at 497 cm -1 , while that of the H147A variant contains a predominant 497 cm -1 -band and a small COisotope-sensitive band at 528 cm -1 ( Figure 9 ). The latter band is characteristic of the 5c CO adduct that also occurs in other hemoprotein variants in which there is no proximal ligand to the heme iron. When proximal histidines of CooA and heme oxygenase were replaced by Tyr, n(Fe-CO) was observed at 524 and 529 cm -1 , respectively (33, 35, 36) . Therefore, the presence of the 5c COadduct suggests that His147 acts as a proximal ligand of heme in b-type CcmE'. What is clear from this study is that a change in one of the axial heme ligands affects the affinity of other ligands for the sixth coordination position, affording a level of conformational flexibility that is consistent with the function of this protein. For example, when His147 is replaced by Ala, the heme is converted to the 4c structure with a small amount of 5c heme (Figure 8) . Thus, the bond between heme iron and trans ligand of His147 is disrupted by this mutation. Upon CO binding to the H147A variant, some 6c-LS heme is observed in the CObound form which appears to have retained a His ligand. However, when H147 is replaced with Met, a 6c-LS heme is observed in the CO-bound form, which appears to have an axial Met ligand (according to the correlation plot).
The change in heme ligation. As discussed above, ferric b-type CcmE' contains a 5c heme (Figure 2) . The RR spectrum of the ferric b-type CcmE' is similar to that of BSA in the presence of an excess of heme (n 4 = 1373 cm -1 , n 3 = 1491 cm -1 , and n 2 = 1585 cm -1 ), indicating that the heme of b-type CcmE' is exposed to solvent and is not enclosed in the protein interior, as suggested previously (13) . However, upon reduction of the heme, the 5c heme is converted to a 6c heme (Figure 2) indicating that b-type CcmE' appears to undergo a conformational change upon heme reduction.
A redox-controlled ligand exchange has also been observed in the CO-sensor protein CooA (37) . A Cys residue ligates the heme in the ferric form and is replaced by a His upon reduction of the heme. A redox-driven conformational change has also been found to occur in the switching of the heme ligands in cytochrome cd 1 nitrite reductase from Paracoccus pantotrophus (38) . It appears though that the conversion of 5c to 6c upon reduction of the iron is unique to CcmE and the functional significance of this is yet to be determined. It presumably is physiologically favourable if CcmE can bind heme in both of its redox forms and also that if the two forms are ligated in different ways (and therefore in different conformations) control of the transfer of heme to apocytochromes can be achieved. In order to prevent the ferric heme from being released the heme binding conformation in this oxidation state might be unfavourable for further heme transfer.
In vivo implications.
It is not known whether the initial non-covalent heme binding step to CcmE in vivo occurs to ferric or ferrous heme. Ferrochelatase, the final enzyme of heme biosynthesis, occurs in the cytoplasm of E. coli and produces ferrous heme as its product. We do not know, however, whether the reduced state is maintained when heme is delivered to the oxidizing environment of the bacterial periplasm. This could depend on the growth conditions (such as whether molecular oxygen is present) and the redox status of the periplasm, which is controlled by the Dsb (disulphide bond) isomerisation proteins. It is currently not possible to predict the oxidation state of heme in the periplasm because it is not known how heme is delivered to the periplasm across the cytoplasmic membrane. If CcmE were to bind ferric heme, which this work indicates would be ligated by H130, then other residues such as His147 or Met143 would bind the heme upon reduction to produce a 6c form, thus freeing H130 for the subsequent step of covalent heme attachment. The covalent attachment of heme to H130 in vitro has been shown to occur only with ferrous heme (10) and it is also known that reduced heme is required for reaction in vitro with the cysteine residues of apocytochromes (39) , suggesting that reduced heme would be released from CcmE. The inability of the ferric state to form the covalent bond with heme (because H130 is involved in ligation) could be a protective mechanism to stop ferric heme from being made available to react with apocytochromes. Ferric heme could react to form incorrect side-products, which is something that the cell presumably would have developed mechanisms to avoid. It is also clear from this study that the heme-binding site of CcmE is flexible in terms of its conformation and heme ligands. This is consistent with its function in that it might initially receive heme that is ligated by CcmC and then has to release the heme to apocytochromes (possibly involving other Ccm proteins), which contain other heme ligands. Examining the ligation of the heme in CcmE is interesting in the context of the observation that the Ccm system can only produce holocytochromes in which the heme is ligated by at least one histidine residue; CXXCK-, CXXCMand CXXCR-containing cytochromes are not processed by this biogenesis system (40) . It is believed in one case only, NrfA, that CcmE can pass heme to CXXCK but only when the CcmF and CcmH biogenesis components are replaced by a specific assembly factor NrfE.
An interesting parallel with this study has been observed during the reductive debromination of BrCCl 3 by myoglobin when a covalent bond forms between the heme and a histidine residue on the protein (41) . The histidine is, in fact, the normal proximal ligand to the heme iron, in the same way that H130 appears to be the ligand in the ferric btype form of CcmE', and then forms the covalent bond to the heme when the heme is reduced. Interestingly, it is also the 2-vinyl group of heme that appears to be involved in formation of the covalent bond to myoglobin under these conditions (42) . In conclusion, we have shown that initial noncovalent binding of ferric heme by the heme chaperone CcmE appears to involve ligation of the heme iron by histidine 130, the residue known to form the subsequent covalent bond. Upon heme reduction we observed a change in ligation, which produced a 6 coordinate form that was not ligated by H130. This change would therefore make H130 available for covalent bond formation with one of the heme vinyl groups, which is the following step in the heme transfer reactions involved in the maturation of c-type cytochromes. The oxidation state of the heme iron is therefore crucial to the binding mode of heme to the protein. Our results also demonstrate the flexibility of CcmE with regards to heme binding and ligation, which is consistent with its in vivo function and the necessity to interact with other proteins, including those that deliver heme to it (CcmC) and a variety of substrate cytochromes to which the heme would finally be transferred.
The abbreviations used are: Ccm, cytochrome c maturation; b-type CcmE', CcmE (lacking its membrane anchor) containing noncovalently bound heme; holo-CcmE, CcmE (lacking its membrane anchor) containing covalently attached heme; RR, resonance Raman; 4c, 4-coordinate; 5c, 5-coordinate; 6c, 6-coordinate; HS, high-spin; IS, intermediate-spin; LS, low-spin. 1 The 1419 cm -1 mode was observed with all the excitation lines we used for ferric b-type CcmE: 244.0, 363.8, and 413.1 nm. Although the intensity was lower, the same band was also observed in the ferrous form excited at 413.1 ( Figure 8 ) and 568.2 nm (data not shown). Furthermore, the relative intensity of this band to n 4 increased in the partially denatured state in the presence of 4M urea. These results suggest that the 1419 cm -1 band is a non-resonance mode and is not derived from a vibration mode of porphyrin. O-bound forms in the high-frequency region. All the spectra were collected with excitation at 413.1 nm. 
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